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Introduction
Parkinson's disease is a neurodegenerative disorder that is characterized by selective loss of dopaminergic neurons in the substantia nigra pars compacta of the brain [1] . Although the mechanisms underlying selective dopaminergic neuronal death are not well defined, inhibition of mitochondrial complex I activity has been a leading theory [2, 3] . Recently, exposure to pesticides has been implicated in Parkinson's disease etiology, and paraquat and maneb are often used in combination to model Parkinson's disease in mice [4, 5] . Chronic administration of paraquat and maneb to rodents in vivo induces many key features of Parkinson's disease, including motor deficits, loss of dopaminergic neurons, and increased expression of α-synuclein [6] [7] [8] [9] . The role of inhibition of mitochondrial complex I activity in paraquatinduced dopaminergic neuronal death has been investigated, and a complex I-independent mechanism has been revealed [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . However, the role of mitochondrial complex I inhibition in maneb-induced dopaminergic neuronal degeneration has not been examined.
Primary cultured mesencephalic dopaminergic neurons have been utilized to study the differentiation, physiology, and degeneration/regeneration of dopaminergic neurons. The standard protocol for culturing primary mesencephalic neurons consists of pooling dissected ventral mesencephalic tissue from multiple E13 − E14 embryos, dissociating the tissue, and seeding cells on culture medium. However, primary mesencephalic cultures from mating homozygotes are problematic for many knockout animals, because the homozygotes may not survive to reproductive age or may be infertile [20] . Alternatively, primary neurons could be cultured from each embryo generated from mating heterozygotes. Currently, only a few studies have compared primary dopaminergic neurons cultured from single littermate embryos produced by heterozygote matings because of the low survival rate of dopaminergic neurons cultured from single embryonic mesencephalon.
In this study, we describe an optimized protocol to culture mesencephalic dopaminergic neurons isolated from individual embryos. We applied this protocol to investigate the role of mitochondrial complex I activity in maneb-induced dopaminergic neuronal death.
Materials and methods
Generation of Ndufs4-null (Ndufs4 − / − ) or wild-type (Ndufs4 + / + ) embryos
The generation of Ndufs4 − / − mice was described previously [20] . Ndufs4 + / + , Ndufs4 + / − , and Ndufs4 − / − littermate embryos were generated by breeding Ndufs4 heterozygotes (Ndufs4 + / − ). The genotype of each embryo was identified by PCR analysis and matched to each single-embryo culture at the end of the experiment. All procedures were approved by the Institutional Animal Care and Use Committees of Chonnam National University and the University of Washington.
Primary mesencephalic neuronal cultures and drug treatments
Primary dopaminergic neurons were prepared from E14 mouse embryos as single-embryo cultures. The embryos were carefully separated and placed individually into a 35 mm dish containing PBS (pH 7.2; Invitrogen, Carlsbad, California, USA) on ice. The mesencephalon of each embryo was dissected and separately transferred into a well of a 24-well plate containing PBS on ice. The forceps were dipped in 70% ethanol and wiped between handling of each embryo. Each mesencephalon was washed with Dulbecco's modified Eagle's medium (DMEM; Sigma, St Louis, Missouri, USA) or minimum essential medium (MEM; Invitrogen), incubated at 37°C for 10 min, and then transferred to culture medium consisting of DMEM with 4 mM glutamine, 30 mM glucose, 10 mM HEPES buffer (pH 7.4), 100 IU/ml penicillin, 0.1 mg/ml streptomycin, and 10% fetal bovine serum (FBS; Invitrogen, Figs 1-4), or in MEM containing B27 (Invitrogen; Fig. 1e ). The tissue was then triturated with a narrow pipette tip (Cat #P-3207; ISC BioExpress, Kaysville, Utah, USA) for the indicated number of times ( Fig. 1a ) or for six times for the remaining figures. Then, 100 μl of dissociated cells was plated onto the culture bases, including Aclar film, glass coverslips, and chamber slides, as indicated in Fig. 1 . Aclar embedding film (Electron Microscopy Sciences, Fort Washington, Pennsylvania, USA) was cut into 9 mm-diameter disks. The Aclar or glass disks were sterilized in 70% ethanol, washed five times in autoclaved double-distilled H 2 O, and placed in 24-well plates. The Aclar disks, glass coverslips, and chamber slides (Nalge Nunc International, Naperville, Illinois, USA) were precoated with 100 μg/ml poly-D-lysine and 4 μg/ml laminin (BD Bioscience, Bedford, Massachusetts, USA). The dissociated cells (3-5 × 10 4 /100 μl) were plated on each of the culture bases. The cultured cells were maintained at 37°C in a humidified 7% CO 2 atmosphere. At 24 and 72 h after plating, 300 μl of prewarmed culture medium was added to each well. One-half volume of medium was removed and replenished with fresh culture medium every 48 h when needed. Pharmaceutical chemicals were from Sigma unless otherwise specified. Drug treatments were performed in a defined serum-free N2 medium (Invitrogen). One-half volume of the medium was replaced with N2 medium on the day before drug treatment, and then again at the time of drug treatment. Cells treated with vehicle alone were used as controls. Cultures were treated with maneb at 5 − 6 days in vitro.
Immunocytochemistry and quantification of TH + or NeuN + neurons Neuronal cultures were fixed with a solution of 4% paraformaldehyde and 4% sucrose and blocked with a solution containing 5% BSA, 5% normal goat serum, and 0.1% Triton X-100 in PBS. Primary antibodies included mouse monoclonal antibody against tyrosine hydroxylase (TH; 1 : 500; Sigma), rabbit polyclonal antibody against TH (1 : 50 000; Pel-Freez, Rogers, Arkansas, USA), and rabbit polyclonal antibody against NeuN (1 : 2000; Sigma). Secondary antibodies were Alexa Fluor 488 (or 568) goat anti-rabbit IgG and Alexa Fluor 568 (or 488) goat anti-mouse IgG (1 : 200; Molecular Probes, Eugene, Oregon, USA). Cells that immunostained positive for TH and had neurites that were twice the length of the soma were scored as TH + neurons. Total TH + neurons were counted on each culture base (an Aclar, a cover glass, or a well of chamber slides).
HO-1 staining and quantification
Immunocytochemical staining using rabbit polyclonal antibody against heme oxygenase 1 (HO-1; 1 : 1000; Enzo Life Sciences, Plymouth Meeting, Pennsylvania, USA) was performed as described above. The intensity of HO-1 staining within TH-positive cells was quantified using the NIH ImageJ program (http://rsb.info.nih.gov/ij/) after taking photomicrographs.
Mitochondrial complex I activity assay
Complex I activity was measured using the NADH dehydrogenase activity assay as published [5] . Briefly, cells were incubated with tetrazolium (Sigma) with or without complex I inhibitor (10 μM rotenone) for 1 h. After incubation, the optical density of the more than 30 cells per treatment group was measured using NIH ImageJ after taking a photomicrograph, and mitochondrial complex I activity (+ rotenone) among total NADH dehydrogenase activity (− rotenone) was calculated.
Statistical analysis
Data were collected from at least three independent experiments, each with at least duplicate or triplicate determinations. Statistical analyses of data were performed using one-way analysis of variance and post-hoc Student's t-test. Bonferroni correction was applied for the multiple t-tests on repeated measurement.
Results
To optimize the protocol for culturing primary neurons from individual mesencephalon, we first tested several dissociation methods. The results were analyzed by immunostaining cells with antibody against tyrosine hydroxylase, the rate-limiting enzyme in dopamine synthesis that is commonly used as a marker for dopaminergic neurons. Generally, enzymatic and/or mechanical dissociation have been used to maximize the dissociation and survival of dopaminergic neurons in primary culture of mesencephalon. However, for the Role of mitochondria complex I in PD model Choi and Xia 1351 small amount of tissue in a single ventral mesencephalon, we found that less than 75% of cells survived after enzymatic trypsin treatment compared with simple mechanical dissociation (data not shown). This suggests that tissues with small volumes are very sensitive to stress; therefore, the strength of trituration also was adjusted. As shown in Fig. 1a -c, a maximum of six homogenization strokes was optimal for the survival of dopaminergic neurons, whereas tissues subjected to fewer than six homogenization strokes were not fully separated and the cells grew as clumps (data not shown).
We tested several culture bases (supports) including glass, Aclar polymer, and chamber slides that have been used for the primary culture of dopaminergic neurons. Aclar polymer base resulted in the maximum number of surviving dopaminergic neurons (Fig. 1d) . The plastic base gave the second-best result, but many cells were detached from the glass base, although all bases were coated with an equal amount of poly-D-lysine and laminin. Dissociated cells were incubated in MEM/B27 for 6 days, or in DMEM/FBS for 5 days and then in serum-free N2 medium on the 6th day (Fig. 1e) . The results showed that 80.4% more TH + neurons survived in N2 medium than in B27 medium (Fig. 1e) . These data suggest that optimum conditions for culture of mesencephalic dopaminergic neurons isolated from single embryos include dissociation using six homogenization strokes, seeding cells onto Aclar polymer base, incubation in DMEM/FBS medium, and then replacing with serum-free N2 medium. We applied this method for the remaining studies.
Using this optimized culture method, we investigated the role of mitochondrial complex I activity in maneb-induced dopaminergic cell death. Ndufs4 encodes a subunit that is required for complete assembly and function of mitochondrial complex I [21] [22] [23] [24] [25] . We obtained littermate embryos by breeding Ndufs4 + / − mice, and cultured mesencephalic dopaminergic neurons from each embryo. The morphology of the cells from Ndufs4 + / + or Ndufs − / − embryos was indistinguishable ( Fig. 2a and b) . The number and morphology of TH + and NeuN + neurons were not altered by Ndufs4 deletion (Fig. 2c-f ) [19] , although Ndufs4 − / − cells do not have detectable mitochondrial complex I activity (Fig. 3a ) [19] .
To monitor the basal level of reactive oxygen species (ROS), TH + dopaminergic neurons were costained for HO-1, which is a ROS indicator [26] . The number of HO-1 + cells was not increased in the TH + neurons cultured from Ndufs4 − / − embryos compared with that from Ndufs4 + / + embryos (Fig. 3b) . These results indicate that loss of complex I activity does not induce dopaminergic neuronal death or oxidative stress.
Mesencephalic neurons cultured from Ndufs4 + / + , Ndufs4 + / − , and Ndufs4 − / − embryos were treated with 10 μg/ml maneb for 24 h. In all genotypes, ∼ 55 − 60% of dopaminergic neurons survived the maneb treatment ( Fig. 4) . These data indicate that maneb-induced dopaminergic neuronal death is not affected by inhibition of mitochondrial complex I activity.
Discussion
We tested various culture conditions and established a procedure for culturing dopaminergic neurons from individual embryonic mesencephalon. This could be a useful technique for studies using genetically modified and knockout mice. In many cases, knockout of genes that are crucial for development results in embryonic or juvenile lethality. This restricts experiments using primary dopaminergic cultures derived from the breeding of those knockout animals. Our method is applicable as long as the heterozygotes survive to reproductive age and are fertile.
DMEM-based medium gave the best results in our study, whereas survival rates were much lower in MEMbased medium. Nevertheless, further improvement of our method might be needed, because improved media with new formulas are developed continuously. We found that serum-free N2 medium is effective in maintaining healthy dopaminergic cell cultures, and prevents nonspecific serum effects from occurring during culture and treatment. However, any drug treatment should be carried out within 3 days after switching to N2 medium. The optimum culture conditions persist for ∼ 3 days in N2 medium; subsequently, glial overgrowth has a negative effect on neuronal survival (data not shown). If prolonged culture is needed, antiglial agents could be applied to prevent glial growth and may maintain the neuron-enriched conditions in N2-based medium [27] .
Maneb has been used in combination with paraquat to induce an in-vivo Parkinson's disease model in mice. However, the mechanism of maneb toxicity was not understood. For example, it is not clear whether maneb toxicity is influenced by inhibition or loss of mitochondrial complex I activity. Our data suggest that maneb toxicity is not significantly altered by loss of mitochondria complex I activity in primary cultured dopamine neurons.
Our study established a method for optimizing primary dopaminergic neuronal culture from individual embryonic mesencephalon. These results will enable further studies on dopaminergic neurons using genetically engineered mouse models.
Conclusion
We optimized the culture conditions for preparing dopaminergic neurons from individual mouse embryos. We investigated the role of mitochondrial complex I in dopamine neuron death using the optimized method. Loss of mitochondrial complex I activity was not sufficient to cause neuron death or ROS increase in Ndufs4 − / − cells. Furthermore, maneb-induced dopamine neuron death was not affected by loss of mitochondrial complex I activity.
